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ATP-dependent phospholipid flippase activity crucial for
generating lipid asymmetry was first detected in red blood cell
(RBC) membranes, but the P4-ATPases responsible have not
been directly determined. Using affinity-based MS, we show
that ATP11C is the only abundant P4-ATPase phospholipid
flippase in human RBCs, whereas ATP11C and ATP8A1 are the
major P4-ATPases in mouse RBCs. We also found that ATP11A
and ATP11B are present at low levels. Mutations in the gene
encoding ATP11C are responsible for blood and liver disorders,
but the disease mechanisms are not known. Using heterologous
expression, we show that the T415N substitution in the phos-
phorylation motif of ATP11C, responsible for congenital hemo-
lytic anemia, reduces ATP11C expression, increases retention
in the endoplasmic reticulum, and decreases ATPase activity by
61% relative to WT ATP11C. The I355K substitution in the
transmembrane domain associated with cholestasis and anemia
in mice was expressed at WT levels and trafficked to the plasma
membrane but was devoid of activity. We conclude that the
T415N variant causes significant protein misfolding, resulting
in low protein expression, cellular mislocalization, and reduced
functional activity. In contrast, the I355K variant folds and traf-
fics normally but lacks key contacts required for activity. We
propose that the loss in ATP11C phospholipid flippase activity
coupled with phospholipid scramblase activity results in the
exposure of phosphatidylserine on the surface of RBCs, decreas-
ing RBC survival and resulting in anemia.

The asymmetrical distribution of lipids across membranes of
eukaryotic cells plays a crucial role in many cellular processes,
including blood coagulation, apoptosis, phagocytosis, vesicle
trafficking, axon elongation, sensory functions, and metabolic

homeostasis among others (1–4). Two classes of ATP-depen-
dent lipid transporters have been implicated in the generation
and maintenance of phospholipid asymmetry in eukaryotic
cells (5, 6): P4-ATPases, a subfamily of P-type ATPases, trans-
port phospholipids from the exoplasmic (extracellular or
lumen) to the cytoplasmic leaflet of cell membranes (7), and
some ATP-binding cassette (ABC) transporters transport spe-
cific phospholipids most often in the opposite direction (8). A
third class of ATP-independent phospholipid transporters,
scramblases, when active, serve to dissipate phospholipid
asymmetry, a process important in such cellular processes as
blood coagulation, apoptosis, and phagocytosis (9, 10). The
importance of phospholipid transporters in generating, main-
taining, and dissipating lipid asymmetry is evident in the find-
ing that loss-in-function mutations in these transporters have
been linked to severe human and rodent disorders, including
anemia, blood clotting dysfunction, cholestasis, neurodegen-
erative diseases, sensory disorders, and ataxia among others
(11–20).

Transbilayer lipid asymmetry was first characterized in red
blood cells (RBCs)3 using a variety of chemical and biochemical
techniques (21–24). Phosphatidylserine (PS) and phosphati-
dylethanolamine (PE) were found to be preferentially, if not
exclusively, localized on the inner or cytoplasmic leaflet of the
RBC plasma membrane, whereas phosphatidylcholine (PC),
sphingomyelin, and glycolipids were primarily confined to the
external or exocytoplasmic leaflet. Because the hydrophobic
lipid bilayer serves as a high energy barrier for movement of the
polar headgroups of phospholipids across membranes, it was
proposed that membrane proteins generally known as flippases
or translocases must provide a low energy pathway for the
transport or flipping of membrane phospholipids across the
bilayer. Early studies showed that human RBCs contain a mem-
brane protein initially referred to as an aminophospholipid
translocase that actively transported PS and PE across the
plasma membrane (23, 25–28). An aminophospholipid trans-
locase that also uses PS and PE as substrates was subsequently
identified and cloned from bovine chromaffin granules (29, 30).
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This protein, originally called ATPase II, is now known as
ATP8A1, a member of the P4-ATPase subfamily of P-type
ATPases.

Because the aminophospholipid translocase detected in RBC
membranes had a similar substrate specificity as ATP8A1 of
chromaffin granules, it was generally thought that ATP8A1 was
the principal aminophospholipid flippase in human and mouse
RBCs (31). This was supported by the finding that ATP8A1 was
detected in mouse RBC membranes by Western blotting (32).
However, the RBCs of mice deficient in ATP8A1 appeared nor-
mal and did not expose PS on their cell surface (33). More
recently, RBCs of mice with mutations in the gene encoding the
P4-ATPase ATP11C were reported to have an abnormal shape,
reduced life span, and increased exposure of surface PS that
further increased with age, resulting in anemia (12). Recent
genetic studies have also pointed to ATP11C as an important
P4-ATPase in human RBCs (34). In this study, an individual
with a missense mutation in ATP11C was observed to display a
mild form of congenital hemolytic anemia. RBCs of this indi-
vidual did not have abnormal shapes or significant increases in
PS exposure on their surface, but they did display a 10-fold
decrease in internalization of added PS relative to RBCs from
normal individuals.

Although these studies provide support for a role of ATP11C
in erythrogenesis, direct identification and relative abundance
of various P4-ATPase(s) in membranes of mature mammalian
RBCs have been elusive due in part to the low copy number of
P4-ATPases and the fact that mammalian RBCs do not contain
a nucleus for genetic analysis. The human genome contains 14
genes that encode P4-ATPases (the mouse genome contains 15
P4-ATPases). Twelve P4-ATPases are known to interact with
CDC50 (also known as TMEM30), an accessory or �-subunit
that plays a crucial role in the expression, subcellular localiza-
tion, and functional activity of phospholipid flippases (1, 13,
35–38). There are three CDC50 variants, CDC50A, CDC50B,
and CDC50C (39). Recent proteomic studies have shown that
most tissues, including brain, retina, testis, kidney, and liver,
contain multiple P4-ATPases that associate with the CDC50A
variant (38).

In this study, we have purified P4-ATPase–CDC50A com-
plexes from human and mouse RBC membranes by immuno-
affinity chromatography and identified these complexes by
mass spectrometry (MS). We show that ATP11C and ATP8A1
are the predominant P4-ATPases in mouse RBCs, whereas
ATP11C is the only abundant P4-ATPase in human RBCs.
We also examined the expression and functional activity of
ATP11C mutants associated with human and rodent blood dis-
orders to obtain insight into the molecular basis for these
diseases.

Results

Detection of CDC50A and ATP8A1 in RBC membranes

Membranes isolated from hypotonically lysed human and
mouse RBCs were used as the starting material for the analysis
of P4-ATPase–CDC50A complexes. Fig. 1A shows a typical
Coomassie Blue–stained gel of RBC membrane proteins
resolved by SDS-PAGE. The Cdc50 –7F4 mAb, which binds to
a conserved epitope (AKDEVDGGP) near the N terminus of
CDC50A (37), was used to isolate P4-ATPase–CDC50A com-
plexes from RBC membranes. Detergent-solubilized RBC
membranes depleted of the spectrin-containing cytoskeletal
system were applied to an immunoaffinity matrix consisting of
the Cdc50 –7F4 antibody coupled to Sepharose (38). After
removal of unbound protein, the bound protein was eluted
from the matrix with the competing 7F4 peptide for analysis by
SDS– gel electrophoresis and Western blotting. Fig. 1B shows a
Coomassie Blue–stained gel and a Western blot of the input,
unbound, and eluted CDC50A fraction from detergent-solubi-
lized mouse RBC membranes.

As shown in Fig. 1C, CDC50A isolated from mouse and
human RBC membranes migrated as relatively broad bands
with an apparent molecular mass of 60 –70 kDa as reported
previously in other tissues (38). The diffuse nature of the band is
most likely due to variable glycosylation of CDC50A. The pres-
ence of ATP8A1 in the eluted fraction from the CDC50A
immunoaffinity matrix was also investigated by Western blot-
ting (Fig. 1C). ATP8A1 was detected as a protein having an

Figure 1. SDS– gel electrophoresis and Western blots of P4-ATPase–CDC50A complex from RBC membranes. A, SDS gels of human (hRBC) and mouse
(mRBC) RBC membranes stained with Coomassie Blue (CB). Approximately 30 �g of protein was applied to each lane. B, SDS– gel electrophoresis of fractions
derived from immunoaffinity purification of CDC50A from RBC membranes. RBC membranes were solubilized in CHAPS/Mega-10 detergent and depleted of
spectrin and other cytoskeletal proteins. The detergent-solubilized extract was applied to a Cdc50 –7F4 immunoaffinity column, and after removal of the
unbound protein, the bound P4-ATPase–CDC50A complex was eluted with the Cdc50 peptide. The input, unbound, and bound fractions were analyzed on SDS
gels stained with Coomassie Blue (CB) and Western blots labeled with the Cdc50 –7F4 antibody. C, Western blots of immunoaffinity-purified P4-ATPase
complexes labeled for CDC50A with the Cdc50 –7F4 mAb and ATP8A1 with a polyclonal antibody.

Phospholipid flippases in red blood cells

6810 J. Biol. Chem. (2019) 294(17) 6809 –6821



apparent molecular mass of 125 kDa in mouse RBC membranes
but was undetectable in human RBC membranes.

Identification and quantification of P4-ATPase–CDC50A
complexes in RBC membranes by MS

To identify both high- and low-abundance P4-ATPase–
CDC50A complexes from RBC membranes, the peptide-eluted
fraction from the CDC50A immunoaffinity matrix was digested
with trypsin, and the peptides were analyzed by LC-tandem MS
(MS/MS). Table 1 summarizes the P4-ATPase–CDC50A com-
plexes identified from human and mouse RBC membranes and
their relative abundance in two independent experiments.
CDC50A was present in both human and mouse RBC mem-
branes with average sequence coverages of 24 and 40% for the
human and mouse proteins, respectively. The predominant
P4-ATPase in human RBC membranes was ATP11C, making
up over 87% of the P4-ATPase–CDC50A complexes based on
spectral intensities. In mouse RBC membranes, the principal
P4-ATPases were ATP8A1 and ATP11C, comprising over 62
and 37% of the total P4-ATPase–CDC50A complexes, respec-
tively. ATP11B (�9%) and ATP11A (�4%) were present in
lower abundance in human RBC membranes, and ATP11B
(�1%) was detected in mouse RBC membrane preparations.
Trace amounts of ATP10D were also detected in both mouse
RBC membrane preparations and may represent contaminants
from other cells. P4-ATPase–CDC50A complexes were not
detected in a control study in which detergent-solubilized
mouse RBC membranes were applied to an immunoaffinity
matrix in which the Cdc50 –7F4 antibody was replaced with an
irrelevant mAb (dataset available in PRIDE repository; see
“Experimental procedures”).

In addition to P4-ATPase–CDC50A complexes, other RBC
proteins were also present in the dataset (dataset available in
the PRIDE repository; see “Experimental procedures”). These
proteins may represent interacting proteins or minor contam-
inants in the purified protein preparations. Further studies are
needed to delineate between these possibilities.

Expression and localization of the T415N missense mutation in
ATP11C associated with congenital hemolytic anemia

A recent study has identified a T418N mutation of human
ATP11C that causes a relatively mild form of congenital hemo-

lytic anemia (34). The effect of this mutation on the expression
and functional activity of ATP11C, however, had not been
determined. Threonine 418 is located in a highly conserved
motif within the phosphorylation or P domain of P-type
ATPases (Fig. 2, A and B). To determine the effect of this muta-
tion on ATP11C, we generated a mouse ATP11C construct
containing a C-terminal 1D4 epitope used for detection and
purification and the T415N mutation corresponding to the
human T418N mutation. The T415S and T415A mutants were
also produced to study the effects of these substitutions on the
properties of ATP11C. Wildtype (WT) ATP11C and mutants
were coexpressed with CDC50A in HEK293T cells, and the
level of expression of the CHAPS-solubilized proteins after
removal of insolubilized protein was determined by Western
blotting. As shown in Fig. 2C, the level of expression of T415S
was comparable with WT ATP11C. In contrast, the T415N
mutant was expressed at �59% and T415A was expressed at
32% of WT ATP11C. The expressed ATP11C variants were
then purified on a Rho-1D4 immunoaffinity column. Fig. 2D
shows a Coomassie Blue–stained SDS gel and a Western blot of
the purified protein complexes. CDC50A subunit copurified
with the ATP11C variants, indicating that the immunoaffinity-
isolated Thr-415 mutants assembled with CDC50A. The
expression levels of the mutants after purification was similar to
that before purification (Fig. 2, C and E).

Most P4-ATPases require the association with its �-subunit,
CDC50, for proper folding, exit from the endoplasmic reticu-
lum (ER), and formation of a functional flippase complex (37,
40 – 42). In the absence of CDC50, P4-ATPases are retained in
the ER as misfolded proteins by the quality control system of
cells (37, 43). In this study, we first analyzed the cellular local-
ization of WT ATP11C in COS-7 cells with and without
cotransfection with CDC50A by immunofluorescence imag-
ing. ATP11C showed significant colocalization with the
plasma membrane marker wheat germ agglutinin (WGA) in
cells cotransfected with CDC50A. ATP11C that was present
inside the cell showed limited colocalization with the ER
marker calnexin. In contrast, in the absence of CDC50A
transfection, ATP11C was largely retained in the cell and
predominantly colocalized with the ER marker calnexin (Fig.
3A).

Table 1
Mass spectrometric analysis of P4-ATPases in mouse and human RBCs
Identity and quantification based on spectral intensity of P4-ATPase–CDC50A complexes were determined from MS/MS measurements in two independent experiments.
Detergent-solubilized human and mouse RBC membranes (�3 mg) were applied to a Cdc50-7F4 immunoaffinity column. After removing the unbound protein, the
P4-ATPase–CDC50A complexes were eluted with the 7F4 competing peptide. The eluted fraction was subjected to trypsin digestion using the filter-aided sample
preparation procedure, and the tryptic peptides were analyzed by tandem MS/MS. Intensity (%) was obtained by taking the fraction of the spectral intensity of the selected
P4-ATPase to the total spectral intensity of all P4-ATPases detected in the tissue.

RBCs Protein ID Protein name
Sequence

length
Peptides Exp.

1/Exp. 2
Sequence coverage

Exp. 1/Exp. 2
Intensity of total

P4-ATPase Exp. 1/Exp. 2

% %
Human Q9NV96 CDC50A/TMEM30A 361 5/8 17.4/29.6

Q8NB49 ATP11C 1132 16/22 14.2/26.4 90/84
Q9Y2G3 ATP11B 1177 2/12 2.2/10.4 8/11
P98196 ATP11A 1134 3/6 2.9/5.6 2/5

Mouse Q8VEK0 CDC50A/TMEM30A 364 18/19 41.2/39.3
P70704 ATP8A1 1116 58/38 51.2/38 63/60
Q9QZW0 ATP11C 1129 50/38 41.1/35.8 36/39
Q6DFW5 ATP11B 1175 16/18 15.2/15.6 1/1
Q8K2X1 ATP10D 1416 12/2 9.2/2.3 0.3/0.07
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The lower levels of expression observed for T415N and
T415A raised the possibility that a significant fraction of these
mutants is highly misfolded and retained in the ER even when
coexpressed with CDC50A. This was confirmed by immunoflu-
orescence staining. T415N and T415A mutants showed more
limited colocalization with WGA. Instead, a significant fraction
of these mutants was localized to the perinuclear region of the
cell where they colocalized with calnexin (Fig. 3A). In contrast,
T415S immunostaining displayed significant overlap with
WGA staining in the plasma membrane of transfected cells and
limited colocalization with the calnexin. These results indicate
that the T415S mutant was able to exit the ER and traffic to the
plasma membrane similarly to WT ATP11C, whereas T415N

and T415A showed reduced exit from the ER and trafficking to
the plasma membrane.

To further examine the effect of these missense mutations on
the extent to which these Thr-415 variants trafficked to the plasma
membrane, we biotin-labeled the surface of cells cotransfected
with the Thr-415 variants and CDC50A. Fig. 3B shows that the
T415N and T415A variants showed reduced cell surface labeling
relative to WT ATP8A2. The T415S mutant showed a statistically
similar level of surface labeling as the WT protein.

ATPase activity of the Thr-415 variants

The ATPase activities of the purified complexes in the
presence of 100% 1,2-dioleoyl-sn-glycero-3-phosphocholine

Figure 2. Expression and purification of WT ATP11C and Thr-415 mutants coexpressed with CDC50A. A, topological model for ATP11C–CDC50A complex
showing the predicted transmembrane segments, phosphorylation or P domain containing the phosphorylation motif (DKTGTLT), actuator or A domain
containing the dephosphorylation motif (DGET), and nucleotide-binding or N domain together with the location of selected mutations in ATP11C examined
in this study. B, sequence alignment of the highly conserved phosphorylation site containing the disease-associating threonine in human ATP11C (arrow
denotes Thr-418 residue in human, Thr-415 residue in mouse, and Thr-357 residue in SERCA1). C, expression levels of the ATP11C variants relative to WT ATP11C
after solubilization of the cells with CHAPS detergent. Upper panel, example of a Western blot of the ATP11C variants. �-Actin was used as a loading control.
Lower panel, quantification of expression levels observed from the Western blots. Data are the average values with error bars representing � S.D. for n � 3. *,
p � 0.0137 for WT versus T415S; **, p � 0.0012 for WT versus T415N; **, p � 0.0042 for WT versus T415A. D, upper panel, Coomassie Blue–stained gel and Western
blots of ATP11C coexpressed with CDC50A in HEK293T cells and purified on a Rho-1D4 immunoaffinity column. The ATP11C protein was readily detected by
Coomassie Blue staining as a band at approximate molecular mass of 125 kDa; the CDC50A appeared as a faint diffuse band in the molecular mass range of
60 –70 kDa. Western blots labeled for ATP11C with the Rho-1D4 antibody and CDC50A with the Cdc50 –7F4 antibody confirmed the identity of the proteins.
Lower panel, quantification of Thr-415 mutants relative to WT ATP11C. WT ATP11C and mutants were isolated on an immunoaffinity matrix and quantified from
Western blots. T415N was expressed at about 57% and T415A mutant was expressed at about 37% of WT levels, whereas T415S mutant was expressed at a level
comparable with WT ATP11C. Data are the average values with error bars representing � S.D. for n � 3.

Phospholipid flippases in red blood cells

6812 J. Biol. Chem. (2019) 294(17) 6809 –6821



(DOPC) and 20% 1,2-dioleoyl-sn-glycero-3-phosphoserine
(DOPS) and 80% DOPC were measured to assess the functional
properties of the Thr-415 mutants. As shown previously (38),
the ATPase activity of WT ATP11C, which correlates with
ATP-dependent PS flippase activity, was strongly activated
by DOPS (Fig. 4A). The DOPS-activated ATPase activity of
the T415N mutant was reduced to 39% of WT ATP11C, and
the activity of the T415A mutant was reduced by more than

4-fold relative to WT ATP11C. In contrast, the DOPS-acti-
vated ATPase activity was higher for the T415S mutant than
WT ATP11C. The effect of increasing DOPS concentration
on the activity of WT ATP11C and its T415N and T415A
mutants is shown in Fig. 4B. All proteins showed typical
substrate saturation curves with the following parameters:
WT, Ka of 19 � 3 �M (PS) and Vmax of 19.9 � 0.6 �mol of
ATP hydrolyzed/min/mg of protein (n � 4); T415N mutant,

Figure 3. Immunofluorescence localization and surface labeling of ATP11C Thr-415 mutants. A, WT ATP11C and mutants were expressed in COS-7 cells
in the presence (�) or absence (�) of CDC50A. Left panel, cells were labeled for ATP11C (green) and WGA (red) and counterstained with the nuclear stain DAPI
(blue) for fluorescence microscopy. Right panel, cells were labeled for ATP11C (green) and the ER marker calnexin (red) and counterstained with DAPI (blue).
T415N and T415A showed a higher degree of colocalization with calnexin than WT or T415S for cells cotransfected with CDC50A. Scale bars, 10 �m. B, example
of Western blots of HEK293T cells coexpressing ATP11C variants and CDC50A and surface-labeled with biotin (Biotinylation). The blots were labeled for ATP11C
and Na/K-ATPase ATP1A1 as a control. Cell lysate is also shown. C, quantitative analysis of biotin surface labeling of the ATP11C mutants relative to WT ATP11C.
Data are average values with error bars representing � SD for n � 3. *, p � 0.0217 for WT versus T415N; **, p � 0.0214 for WT versus T415A. The difference
between WT ATP11C and the T415S mutant was not significant.
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Ka of 10 � 2 �M (PS) and Vmax of 8.3 � 0.3 �mol of ATP
hydrolyzed/min/mg of protein (n � 2); and T415A mutant,
Ka of 2 � 2 �M (PS) and Vmax of 2.9 � 0.3 �mol of ATP
hydrolyzed/min/mg of protein (n � 2).

Collectively, our studies indicate that the T415N and T415A
mutations result in reduced expression as measured by solubi-
lization with CHAPS, decreased localization in the plasma
membrane, and increased retention within the ER. Coimmuno-
precipitation studies indicate that CDC50A interacts with the
fraction of the mutants that is solubilized by CHAPS detergent,
but the PS-activated ATPase activity is significantly lower than
that of WT ATP11C.

Expression, localization, and ATPase activity of the ATP11C
I355K mutation associated with blood disorders and
cholestasis in mice

Mutations in ATP11C have been reported to cause defective
B-cell development, anemia, and cholestasis in several mouse
lines (12, 15, 16, 44). One strain of mice was shown to have an
I355K mutation within the transmembrane domain (Fig. 2A).
To determine the effect of this missense mutation on ATP11C,
we coexpressed WT ATP11C and the I355K mutant with
CDC50A in HEK293T cells. The I355A and I355V mutants
were also analyzed to further define the effect of these amino
acid substitutions on the properties of ATP11C. The E181Q
ATPase-deficient mutant was included as a negative control for
ATPase activity (38). As shown on Coomassie Blue–stained
SDS gels and Western blots, all the ATP11C mutants were
expressed at levels similar to WT ATP11C and copurified with
CDC50A (Fig. 5, A and B).

The effect of these mutations on the distribution of
ATP11C–CDC50A complexes was investigated by immunoflu-
orescence microscopy. All mutants displayed a strong overlap
with WGA staining, similar to the cellular distribution of WT
ATP11C (Fig. 5C).

Next, we measured the ATPase activities of the purified
ATP11C–CDC50A complexes in the presence of 100% DOPC
and 20% DOPS, 80% DOPC. The I355K disease-associated
mutant, like the E181Q ATPase-deficient mutant, showed
essentially baseline activity in the presence or absence of DOPS
(Fig. 5D). The DOPS-stimulated ATPase activity was largely
retained when isoleucine was replaced with valine at position
355 but was reduced by up to 66% when isoleucine was substi-

tuted with alanine. To further evaluate the activity of these
mutants, we examined the effect of increasing DOPS concen-
trations on their DOPS-stimulated ATPase activity. Fig. 5E
shows that, like WT ATP11C, the I355A mutant displayed typ-
ical PS saturation curves with half-maximum activation con-
stants of Ka (PS) of 16 � 3 �M for I355A mutant and a Vmax of
7.1 � 0.3 �mol of ATP hydrolyzed/min/mg of protein (n � 3).
Although the I355K mutant showed very low activity, it was
possible to obtain the following kinetic parameters: Ka (PS) of
80 � 39 �M and Vmax of 0.6 � 0.1 �mol of ATP hydrolyzed/
min/mg of protein (n � 2). In bovine ATP8A2, the mutation
I362A corresponding to I355A in ATP11C showed similar
trend in kinetic parameters relative to the WT protein with a
60% reduction in the Vmax and a 1.6% reduction in Ka for PS
(45).

Analysis of the ATP11C V357M mutation

The I355K mutation is located in transmembrane 4 (TM4) of
murine ATP11C (Fig. 2A), a segment that has been implicated
in the transport of substrates in P-type ATPases (45–48).
Another mutation, I376M, in TM4 of ATP8A2 has been
reported to cause cerebellar ataxia, mental retardation, and
dysequilibrium syndrome (CAMRQ) in a Turkish family (17).
This mutation (I364M in bovine ATP8A2) shows a significant
loss in both PS-activated ATPase activity and ATP-dependent
transport activity of PS (45, 49). Because ATP11C and ATP8A2
both transport PS and PE, it was of interest to determine
whether a mutation in the corresponding residue of ATP11C
(V357M) has a similar effect on the activity of ATP11C. Anal-
ysis of the ATP11C mutants coexpressed with CDC50A in
HEK293T cells showed that the V357M and V357I mutations
had no significant effect of the expression level or localization of
ATP11C (Fig. 6, A and B). Furthermore, functional studies indi-
cated that these mutants retained significant PS-stimulated
ATPase activity (Fig. 6C). The V357M mutant showed a 24%
reduction in specific activity and V357I displayed a 24%
increase in activity relative to WT ATP11C.

Discussion

This is the first study designed to directly identify high- and
low-abundance P4-ATPases–CDC50A complexes in human
and mouse RBCs. Using an immunoaffinity approach in conjunc-
tion with MS, we have shown that ATP11C is the only major

Figure 4. ATPase activity of WT ATP11C and Thr-415 mutants. WT ATP11C and the mutants were coexpressed with CDC50A and purified on a Rho-1D4
immunoaffinity matrix. A, specific ATPase activity was measured in 100% DOPC (PC) and 80% DOPC and 20% DOPS (PS). Data are the average values with error
bars representing � S.D. for n � 3. B, effect of DOPS (PS) concentration on the ATPase activity of WT and T415N and T415A mutants. Curves were fitted with
Michaelis–Menten kinetics. Measurements were done in triplicates. Data for WT ATP11C were for n � 4; Error bars represent S.D. mutants were for n � 2
independent experiments.
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P4-ATPase flippase in human RBCs, whereas both ATP8A1 and
ATP11C are relatively abundant flippases in mouse RBCs. In addi-
tion to these P4-ATPases, ATP11A and ATP11B are also present
in human RBCs, and ATP11B was detected at low levels in mouse
RBCs (Table 1). Western blotting confirmed our proteomic stud-
ies, showing the presence of ATP8A1 in mouse RBC membranes
in agreement with a previous study (32) and the absence of detect-
able ATP8A1 in human RBCs.

P4-ATPases were not detected in previously reported “deep
coverage” mass spectrometry– based proteomic studies of
human and mouse RBCs, presumably due to the low quantity of

these flippases in RBCs (50, 51). However, inspection of a more
recent proteomic dataset of human RBCs utilizing improved
sample preparation techniques and highly sensitive instrumen-
tation revealed the presence of three P4-ATPases (ATP11C,
ATP11A, and ATP11B) with ATP11C comprising over 80% of
the P4-ATPases (52), consistent with our analysis presented in
Table 1. This proteomic dataset also revealed a low copy num-
ber for these flippases with the most abundant P4-ATPase
ATP11C having an average copy number of only 2230 � 1147
(n � 4) per human RBC (52). Other P4-ATPases, including
ATP9A and ATP9B, which do not associate with CDC50 pro-

Figure 5. Expression, localization, and ATPase activity of ATP11C Ile-355 mutants. A, immunoaffinity-purified ATP11C–CDC50A complexes were sepa-
rated on SDS-polyacrylamide gels and stained with Coomassie Blue. Western blots were labeled for ATP11C with the Rho-1D4 antibody and CDC50A with the
Cdc507F4 antibody. B, the expression of WT ATP11C and mutants was quantified from Western blots. All constructs were expressed and purified at similar levels
as WT ATP11C. Data are the average values with error bars representing � S.D. for n � 3. C, COS-7 cells coexpressing ATP11C mutants and CDC50A were labeled
for ATP11C with the Rho-1D4 antibody (green) and WGA (red) and counterstained with DAPI (blue). The ATPase-deficient E181Q mutant, disease-causing I355K
mutant, and I355A mutant localized to the plasma membrane like WT ATP11C. Scale bar, 10 �m. D, the ATPase activity of the immunoaffinity-purified ATP11C
mutants was measured in 100% DOPC (PC) and in 80% DOPC and 20% DOPS (PS). WT ATP11C and the I355V mutant had similar PS-activated ATPase activity;
I355K, like the ATPase-deficient E181Q, was largely devoid of activity; and the I355A mutant had about 34% of WT activity. Data are an average values with error
bars representing � S.D. E, the effect of increasing DOPS concentration on the activity of WT ATP11C (n � 4) and the I355A (n � 3) and I355K (n � 2) mutants.
Curves were fitted with Michaelis–Menten kinetics. Data are average values with error bars representing S.D.
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teins, and ATP8B subfamily members that can use CDC50B as
well as CDC50A, were not present in this proteomic study,
consistent with the view that ATP11A–C are the only P4-AT-
Pases present in human RBCs.

The finding that ATP11C is the most abundant P4-ATPase
in human RBCs is consistent with early studies showing that
labeled PS and PE are selectively transported across RBC
plasma membrane to generate aminophospholipid asymmetry
(23, 26, 28). The functional properties of ATP11A–C recently
have been investigated. Their ATPase activities are activated by
PS and to a lesser extent PE but not PC (38, 53, 54). Activation
of their ATPase activity by PS and PE correlates with the ATP-
dependent flipping of PS and PE across membranes as docu-
mented using fluorescently labeled phospholipids in cell-based
assays (53) and reconstituted proteoliposome systems (38).

Genetic studies have indicated that ATP11C plays a key role
in the development and maintenance of blood and liver in mice.
A number of strains with mutations in the Atp11c gene on the X
chromosome were identified in mice subjected to N-ethyl-N-
nitrosourea–induced mutagenesis (15, 44). These mice were
normal in their appearance and behavior but displayed defects
in B-cell differentiation, anemia, hyperbilirubinemia, cholesta-
sis, and hepatocellular carcinoma. RBCs of ATP11C-deficient
mice have also been reported to have abnormal shapes, a
reduced life span, and increased exposure of PS on their surface
(12). Several strains of Atp11c mutant mice had premature ter-

mination mutations, resulting in the absence of a functional
ATP11C protein. The “spelling” mouse with similar phenotypic
traits has an I355K missense mutation (15). Using heterologous
expression, we have shown that the I355K mutation does not
affect the global structure of ATP11C because the expression
level and trafficking of this mutant to the plasma membrane of
cells were similar to those of WT ATP11C. Instead, the I355K
mutation abolished the functional activity of ATP11C as deter-
mined in PS-stimulated ATPase activity assays. Because substi-
tution of isoleucine at position 355 with valine, but not alanine,
retains the PS-stimulated ATPase activity of ATP11C, a bulky
hydrophobic residue appears to be required at residue 355 for
optimal activity. This is further supported by phylogenetic anal-
ysis, which indicates that either isoleucine or valine occupies
this position in all other P4-ATPases, including yeast Drs2 and
Dnf1 (Fig. 7). Interestingly, other P-type ATPases, including
sarcoplasmic Ca-ATPase, Na/K-ATPase, and H-ATPase, also
have hydrophobic residues at the corresponding position, sug-
gesting that a hydrophobic residue is important in establishing
contacts important for the structure–function relationship of
these P-type ATPases.

Isoleucine at position 355 in mouse ATP11C occurs within a
highly conserved (I/V)P(I/V) motif within predicted TM4 of
P4-ATPases (1). An I376M mutation in the downstream hydro-
phobic residue of this motif in ATP8A2 has been linked to a
severe developmental neurological disorder known as CAMRQ

Figure 6. Expression, localization, and specific activity of ATP11C V357M mutant corresponding to I376M in ATP8A2. A, immunoaffinity-purified WT
ATP11C–CDC50A complexes were quantified from Western blots. Expression of the mutants relative to WT expression is shown. ATP11C mutants all were
expressed at levels comparable with WT ATP11C. Data are the average values with error bars representing � S.D. B, immunofluorescence micrographs of
V357M and V357I mutants coexpressed with CDC50A and labeled for ATP11C mutants (green) and WGA (red). Scale bar, 10 �m. C, ATPase activities of ATP11C
mutants were measured in 100% DOPC (PC) and 80% DOPC and 20% DOPS (PS). Although a significant increase in ATPase activity was evident in DOPS,
relatively small differences were observed in the PS-activated ATPase activity of the mutants. Data are the average values with error bars representing � S.D.
for n � 3. *, p � 0.0266 for WT versus V357I; **, p � 0.0014 for WT versus V357M.
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(17). Functional studies indicate that ATP8A2 I376M mutant
(I364M in bovine ATP8A2) is largely devoid of PS-activated
ATPase and ATP-dependent PS flippase activities (45, 49). We
sought to determine whether a similar mutation (V357M) abol-
ished the activity of ATP11C. Interestingly, our studies show
that substitution of valine at 357 for methionine in this motif
reduced the PS-activated ATPase activity of ATP11C by only
24%. Although ATP11C and ATP8A2 display similar domain
organization and phospholipid transport specificity, apparently
these transporters display subtle differences in amino acid con-
tacts within the hydrophobic cavity formed in part by this
motif, allowing functional activity of valine to methionine
mutation in ATP11C but not isoleucine to methionine in
ATP8A2. Indeed, ATP8B3, another P4-ATPase that has been
suggested to transport PS, has a methionine at this position
(Fig. 7).

A mild form of congenital hemolytic anemia in a male patient
was recently linked to a T418N mutation in ATP11C. The RBCs
of this patient appeared normal but exhibited a 10-fold decrease
in PS internalization. PS was localized on the inner leaflet of the
majority of mature cells similar to control cells, but senescent
cells displayed PS on their surface. Our studies on the corre-
sponding T415N mutation of mouse ATP11C indicate that this
mutation causes significant protein misfolding based on the
low expression and an increased retention in the ER of trans-
fected cells as viewed by immunofluorescence microscopy. The
fraction that was solubilized by CHAPS and purified by immu-
noaffinity chromatography assembled with CDC50A and dis-
played 33% of the PS-activated ATPase activity observed for

WT ATP11C. Substitution of the threonine at 415 for alanine
also caused lower expression, partial mislocalization in cells,
and markedly reduced PS-activated ATPase activity of
ATP11C, whereas substitution with serine had no significant
effect. These results suggest that the polar hydroxyl side chain
at position 415 is an important determinant for protein folding
and activity of ATP11C. A detailed analysis of conserved and
nonconserved mutations within the DKTGTLT motif in the
sarcoplasmic reticulum Ca2�-ATPase (SERCA) has also docu-
mented the importance of a polar hydroxyl group at position
357, corresponding to position 415 of mouse ATP11C (55, 56).
In this work, deficiency of ATP binding and phosphorylation
were demonstrated for T357A. It is likely that a similar inability
of the T415A mutant to be efficiently phosphorylated by ATP is
part of the underlying reason for the low activity and expres-
sion. The phosphoenzyme (E2P) is known to exhibit higher
affinity for the CDC50 subunit than the dephosphoenzyme
(36). It is possible that the T415A mutation alters the interac-
tion of ATP11C with CDC50A, resulting in lower activity and
expression.

It is of interest to note that the loss-of-function mutations in
ATP11C result in different phenotypic characteristics in mice
and humans. In mice, null mutations and the complete loss-of-
function I355K missense mutation as shown here cause B-cell
differentiation, hyperbilirubinemia, cholestasis, and hepatocel-
lular carcinoma along with altered red blood cell shape and
reduced RBC survival associated with anemia (12, 16, 44). This
is consistent with the high content of ATP11C in murine liver
(38) and its relative abundance in red blood cells as shown in
this study. Interestingly, the relatively high content of ATP8A1
in murine RBCs does not appear to compensate for the loss of
function in ATP11C. It is possible that ATP8A1 is present in a
largely inactive state in mouse RBCs. In contrast, the human
patient with the T418N mutation in ATP11C displays a mild
form of congenital hemolytic anemia. The residual activity of
this mutant and/or the presence of low-abundance ATP11A
and ATP11B in human RBCs as determined here may mitigate
the more severe phenotypes observed in mutant mice. Alterna-
tively, ATP11C may play a more important role in murine than
human physiology. Further studies are needed to resolve the
apparent difference in disease phenotypes in mice and humans
exhibiting a loss in ATP11C activity. In either case, the loss in
function of ATP11C together with activation of scramblases
enables PS to become exposed on the surface of RBCs, trigger-
ing removal of these cells by phagocytosis and anemia.

Experimental procedures

Materials

The following phospholipids were obtained from Avanti
Polar Lipids (Alabaster, AL): DOPC, DOPS, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), and porcine brain
polar lipids. The 7F4 (Ac-AKDEVDGGP) and 1D4 (Ac-
TETSQVAPA) peptides were purchased from Biomatik (Cam-
bridge, Ontario, Canada), restriction enzymes were from New
England Biolabs (Ipswich, MA), porcine-modified trypsin was
from Promega (Nepean, Ontario, Canada), and endopeptidase
Lys-C was from Wako Chemicals (Osaka, Japan). CHAPS and

Figure 7. Sequence alignment of predicted TM4 of the mouse ATP11C
and 14 human P4-ATPase family members along with yeast P4-ATPases
Drs2 and Dnf1. The boxed area shows the conserved motif within TM4 that
harbors mutations in the hydrophobic residues Ile or Val that flank proline
((I/V)P(I/V)). In mouse (Mo) ATP11C, an isoleucine to lysine mutation (I355K;
blue arrow) results in loss in function of ATP11C and is associated with liver
and blood disorders. In human (Hu) ATP8A2, an isoleucine to methionine
mutation (I376M; black arrow) causes CAMRQ.
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Mega-10 were purchased from Anatrace (Maumee, OH). The
rabbit ATP8A1 antibody was obtained from Proteintech. mAb
Cdc50 –7F4 to CDC50A was produced in-house as described
previously (37). The Rho-1D4 mAb produced in-house (57) was
obtained from University of British Columbia through Flintbox
(UBC). Secondary goat anti-rabbit or anti-mouse Ig antibodies
conjugated to horseradish peroxidase were obtained from Mil-
lipore-Sigma. Secondary goat anti-mouse antibody conjugated
with IRDye 680 was obtained from LI-COR Biosciences. Puri-
fied Cdc50 –7F4 and Rho-1D4 monoclonal antibodies were
directly coupled to CNBr-activated Sepharose 2B at about 1.5
mg/ml of beads as described previously (37).

Preparation of RBC membranes

Human and mouse blood was collected in EDTA-containing
tubes in accordance with the approval of the University of Brit-
ish Columbia Institutional Ethics and Animal Care Commit-
tees. In the case of obtaining human RBCs, studies abide by the
Declaration of Helsinki principles. RBCs were isolated from
serum, and white cells were removed as described previously
(50, 51). RBC membranes were prepared from hypotonically
lysed RBCs according to the method of Dodge et al. (58). Pro-
tein concentrations of the RBC membranes (�2–3 mg/ml pro-
tein) were determined using the Bio-Rad Protein Assay kit.

Immunoaffinity purification of P4-ATPase–CDC50A complexes
from RBC membranes

Typically 1.5 ml of RBC membranes (2–3 mg/ml protein) in 5
mM sodium phosphate buffer (pH 7.4) was added to 6 ml of
solubilization buffer consisting of 3% CHAPS, 1% Mega-10,
ProteaseArrest, and 5 mg of brain polar lipid in phosphate-
buffered saline (PBS). After stirring at 4 °C for 30 min, the solu-
tion was centrifuged at 50,000 rpm for 30 min in a Beckman
TLA110 rotor. The supernatant was collected from the clear
pellet (mainly spectrin cytoskeletal matrix) and added to 75 �l
of Cdc50 –7F4 –Sepharose pre-equilibrated in column buffer
(10 mM CHAPS, 0.5% Mega-10, 40 mM Tris (pH 7.4), 150 mM

NaCl, 5 mM MgCl2, and 1 mM DTT). The sample was mixed on
a rotation platform at 4 °C for 1 h. The immunoaffinity matrix
was subsequently washed six times with 500 �l of column
buffer. The bound protein was eluted twice in 100 �l of the
same buffer containing 0.2 mg/ml 7F4 peptide. The eluted sam-
ples were analyzed by SDS– gel electrophoresis followed by
Western blotting or LC-MS/MS. Western blots were labeled
with 1:12 diluted hybridoma fluid containing mouse Cdc50 –
7F4 antibody or 1:1000 diluted rabbit anti-ATP8A1 followed by
goat anti-mouse or goat anti-rabbit Ig conjugated to horserad-
ish peroxidase as described previously (38). Labeling was
detected using enhanced chemiluminescence (ECL).

Protein identification by LC-MS/MS

The fraction eluted from the immunoaffinity matrix was
digested with endopeptidase Lys-C followed by trypsin using
the filter-aided sample preparation procedure as described pre-
viously (59). The trypsin-digested samples were submitted to
the Proteomics Core Facility of Michael Smith Laboratories at
the University of British Columbia for mass spectrometric anal-
ysis. Briefly, the samples were acidified with 1% TFA and

desalted using a C18 stop and go extraction tip. Digested pep-
tides were analyzed by a quadrupole-TOF mass spectrometer
(Impact II, Bruker Daltonics) coupled to an Easy Nano LC 1000
HPLC (Thermo Fisher Scientific) using an analytical column
that was 40 –50 cm long with 75-�m-inner-diameter fused sil-
ica with an integrated spray tip pulled with P-2000 laser puller
(Sutter Instruments), packed with 1.9-�m-diameter Reprosil-
Pur C18-AQ beads (Dr. Maisch GmbH) and operated at 50 °C
with an in-house-built column heater. Buffer A consisted of
0.1% aqueous formic acid, and buffer B consisted of 0.1% formic
acid and 80% (v/v) acetonitrile in water. A standard 60-min
peptide separation was done, and the column was washed with
100% buffer B before re-equilibration with buffer A. The
Impact II was set to acquire in data-dependent auto-MS/MS
mode with inactive focus fragmenting the 20 most abundant
ions (one at a time at 18-Hz rate) after each full-range scan from
m/z 200 to m/z 2000 at 5-Hz rate. The isolation window for
MS/MS was 2–3, depending on the parent ion m/z, and the
collision energy ranged from 23 to 65 eV, depending on ion
mass and charge. Parent ions were then excluded from MS/MS
for the next 0.4 min and reconsidered if their intensity
increased more than 5 times. Singly charged ions were excluded
from fragmentation.

Data were searched using MaxQuant (v1.5.3.30). The search
was performed against a database comprising the protein
sequences from UniProt mouse or human entries plus common
contaminants with variable modifications of methionine oxida-
tion and N-acetylation of the proteins. Only those peptides
exceeding the individually calculated 99% confidence limit (as
opposed to the average limit for the whole experiment) were
considered as accurately identified. The MS proteomics data
have been deposited to the ProteomeXchange Consortium via
the PRIDE (1) partner repository with the dataset identifier
PXD011841.

Mouse ATP11C WT and mutant constructs

Mouse cDNA of ATP11C was purchased from Open Biosys-
tems (IMAGE: 30843359) and subcloned into pcDNA3 vector
with a C-terminal 1D4 tag as described previously (38). The
ATP11C dephosphorylation-deficient mutant E181Q, disease-
associated, and related mutants I355K, I355A, I355V, T415N,
T415S, T415A, V357M, and V357I were generated by site-di-
rected mutagenesis. A clone of mouse CDC50A was obtained
from OriGene (clone MC200840). The accession numbers for
mouse ATP11C DNA and protein were NM_001037863.2 and
Q9QZW0, respectively.

Cell culture and transfection

HEK293T cells were grown in Dulbecco’s modified Eagle’s
complete medium containing 8% bovine growth serum
(Thermo Scientific), 2 mM L-glutamine, 100 units/ml penicillin,
100 �g/ml streptomycin, and 0.25 �g/ml amphotericin B
(Gibco) and seeded 24 h prior to transfection. Cells were trans-
fected at 70% confluence with 10 �g of total DNA and 30 �g of
polyethylenimine (PEI) MAX 40,000 transfection reagent
(Polysciences, Inc., catalog number 24765-1)/100-mm dish of
cells. For immunoaffinity purification and ATPase activity
assay, WT ATP11C and all mutants were cotransfected with
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CDC50A. For immunofluorescence imaging, COS-7 cells were
maintained in Dulbecco’s modified Eagle’s complete medium
and seeded on coverslips placed in 6-well tissue culture
plates 24 h before transfection. A total DNA of 1 �g of
ATP11C with or without CDC50A was transfected with 3 �g
of PolyJet transfection reagent (Signagen, catalog number
SL100688)/coverslip.

Immunoaffinity purification of ATP11C

Transiently transfected cells were harvested 48 h after trans-
fection by centrifugation at 1000 rpm for 5 min. Cell pellets
were resuspended and solubilized in solubilization buffer (50
mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 10%
glycerol, 1 mM DTT, 20 mM CHAPS, 0.5 mg/ml DOPC, and
ProteaseArrest) by stirring for 30 min at 4 °C. The soluble frac-
tion was collected after centrifugation at 40,000 rpm for 12 min
at 4 °C using a TLA-110 rotor in a Beckman Optima ultracen-
trifuge and incubated for 1 h at 4 °C with Rho-1D4 –Sepharose
2B beads prewashed three times with wash buffer (50 mM

HEPES-NaOH (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 10% glyc-
erol, 1 mM DTT, and 10 mM CHAPS). After binding, the beads
were washed six times with column buffer (50 mM HEPES-
NaOH (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 10% glycerol, 1 mM

DTT, 10 mM CHAPS, and 0.5 mg/ml DOPC). The bound pro-
teins were eluted twice with 50 �l of column buffer containing
0.5 mg/ml 1D4 peptide by gentle rotation for 30 min at 17 °C in
a centrifuge spin column followed by low-speed centrifugation.
The purified proteins were then loaded onto an SDS-PAGE gel
with known amounts of BSA standards, and the gel was stained
with Coomassie Blue to determine the concentration of
ATP11C in each preparation.

Expression analysis of ATP11C

Purified WT and mutant ATP11C proteins were loaded onto
an SDS-PAGE gel and transferred onto Immobilon FL mem-
branes (Millipore). Membranes were blocked with 1% milk in
PBS for 30 min and incubated with Rho-1D4 monoclonal
hybridoma culture fluid diluted 1:100 or Cdc50 –7F4 diluted
1:12 for 2 h at room temperature. After washing with PBS/T
(PBS containing 0.05% Tween 20) three times, membranes
were incubated with goat anti-mouse Ig secondary antibody
conjugated with IRDye 680 diluted at 1:20,000 in PBS/T with
0.5% milk for 1 h at room temperature and washed three more
times in PBS/T. Images were then taken with the Odyssey�
Imaging System (LI-COR Biosciences), and intensity of the
bands corresponding to purified ATP11C proteins was quanti-
fied and compared with the WT expression level.

ATPase activity assay

DOPC or DOPS at 25 mg/ml was dried under N2 and resus-
pended at 5 mg/ml in assay buffer (50 mM HEPES-NaOH (pH
7.5), 150 mM NaCl, 12.5 mM MgCl2, 1 mM DTT, and 10 mM

CHAPS). Each ATPase reaction contained 10 �l of immunoaf-
finity-purified ATP11C proteins in detergent, 12.5 �l of 5
mg/ml resuspended lipids, and 2.5 �l of 50 mM ATP diluted in
assay buffer to make up to 25 �l in volume. For the single-point
assay, 5 mg/ml resuspended lipids contained either 100%
DOPC or 20% DOPS and 80% DOPC. For the PS titration assay,

resuspended DOPC with increasing concentrations of DOPS
was mixed as designated for each point. The ATPase reactions
were carried out at 37 °C for 30 min and terminated by adding
25 �l of 12% SDS. For negative controls, 25 �l of 12% SDS was
added to the reactions before the incubation at 37 °C. The
amount of phosphate hydrolyzed was measured by a colorimet-
ric method as described previously (7). Briefly, each ATPase
reaction was incubated with 75 �l of solution D (6% ascorbic
acid and 1% ammonium molybdate in 1 N HCl) for 10 min
followed by 120 �l of solution E (2% sodium citrate, 2% sodium
meta-arsenite, and 2% acetic acid) and transferred into one well
on a 96-well plate. Absorbance of the reactions at 850 nm was
measured with a microtiter plate reader and compared with the
readings of known phosphate concentrations plotted on a stan-
dard curve to calculate the specific activity (�mol of Pi released/
min/mg of protein). Measurements were done in triplicate.
Kinetic parameters, including curve fitting and statistical anal-
ysis, were determined using Prism 7 software. Data were ana-
lyzed from two or more separate independent experiments.

Immunofluorescence analysis of ATP11C

At 48 h post-transfection, live cells on coverslips were
washed twice with ice-cold Hanks’ balanced salt solution and
incubated at 4 °C for 15 min with WGA conjugated to Alexa
Fluor� 594 (Invitrogen) diluted to 5.0 �g/ml in Hanks’ balanced
salt solution. After washing with PB buffer (100 mM phosphate
buffer (pH 7.4)) three times, cells were fixed with 4% parafor-
maldehyde and permeabilized with 10% normal goat serum and
0.2% Triton X-100. The cells were then labeled with Rho-1D4
monoclonal hybridoma culture fluid diluted 1:100. In some
experiments where WGA was not used, fixed and permeabi-
lized cells were labeled with Rho-1D4 mAb and a polyclonal
antibody against calnexin (Abcam, ab13504) at 1:200 dilution
for 2 h at room temperature. Cells were washed with PB buffer
three times before labeling with 4�,6-diamidino-2-phenylindole
(DAPI) (diluted 1:1000), Alexa Fluor 488 – conjugated goat
anti-mouse, and, for calnexin staining, Alexa Fluor 594 –
conjugated goat anti-rabbit secondary antibodies for 1 h. The
coverslips were mounted on glass slides with Mowiol mounting
solution and examined on a Zeiss LSM 700 confocal scanning
microscope.

Cell surface biotinylation assay

Transfected HEK293T cells were first washed three times
with ice-cold PBS containing 0.5 mM CaCl2 and 1 mM MgCl2
(PBS��) and then incubated with 0.5 mg/ml sulfo-NHS-LC-
biotin (Thermo Scientific) in PBS�� at 4 °C for 30 min. The
biotinylation labeling was quenched by washing cells with ice-
cold PBS�� containing 100 mM glycine and 25 mM Tris two
times followed by washing with PBS�� two more times. The
cells were solubilized in solubilization buffer (50 mM HEPES-
NaOH (pH 7.4), 150 mM NaCl, 5 mM MgCl2, 10% glycerol, 1 mM

DTT, 20 mM CHAPS, 0.5 mg/ml DOPC, and ProteaseArrest)
for 30 min at 4 °C and centrifuged at 40,000 rpm at 4 °C for 12
min in an Optima ultracentrifuge. The supernatant was incu-
bated with 50 �l of streptavidin-agarose beads (Thermo Scien-
tific) pre-equilibrated with column buffer (50 mM HEPES-
NaOH (pH 7.4), 150 mM NaCl, 5 mM MgCl2, 10% glycerol, 1 mM
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DTT, 10 mM CHAPS, and 0.5 mg/ml DOPC) at 4 °C for 1 h.
After washing the beads six times with column buffer, bound
proteins were eluted from each column with 30 �l of 2� SDS-
PAGE sample buffer supplemented with �-mercaptoethanol.
Samples before and after binding to the streptavidin beads were
subjected to SDS-PAGE for Western blot analysis. Blots were
labeled for ATP8A2 with the Rho-1D4 antibody (1:100), and
Na�/K�-ATPase � subunit ascites fluid (1:2000) (Develop-
mental Studies Hybridoma Bank).

Data analysis

Kinetic parameters, including curve fitting and statistical
analysis, were determined using Prism 7 software. Data were
analyzed from two or more separate independent experiments.
Student’s paired t test was used to obtain p values for expression
studies.
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